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METRIC, NONMETRIC, AND GEOMETRIC MORPHOMETRIC METHODS 
OF SEX ESTIMATION USING THE DISTAL HUMERUS 
CAROLYN M. BERTHELOT 
ABSTRACT 
Sex estimation is one of the most important, and arguably the first, parts of the 
biological profile that is estimated for purposes of human identification. This study will 
examine the utility of the distal humerus in sex estimation.  The goal of this research is to 
corroborate the usefulness of the distal humerus in sex estimation and the usefulness of 
geometric morphometrics in sex estimation, as well as validate metric and visual methods 
for sex estimation using the distal humerus.  Multiple methods of sex estimation are 
necessary because complete skeletons are rarely found, and often only fragments are 
discovered.  Three methods of sex estimation utilizing the distal humerus are used in this 
study:  epicondylar breadth (n=448), nonmetric traits per Rogers (1999) and Vance et al. 
(2011 (n=444)), and geometric morphometrics via a Microscribe digitizer and MorphoJ 
software (n=227).  The sample was taken from the William M. Bass Donated Skeletal 
Collection and was primarily composed of White Americans.  The male to female ratio 
was approximately equal.  
 
 The results of the metric aspect of the study showed a classification accuracy of 
88.84% with low intra-observer and inter-observer error rates. The results of the 
nonmetric aspect of the study showed a classification accuracy of 77% when all traits 
were combined with low intra-observer and high inter-observer error rates.  The results 
viii 
of the geometric morphometric aspect of the study showed a classification accuracy of 
55% for all landmarks, 57% for anterior landmarks, and 63% for posterior landmarks.  
The results show that not only is the epicondylar breadth a reliable and effective method 
of sex estimation, it is easily repeatable by other observers.  The nonmetric method is 
useful when epicondylar breadth cannot be measured or when an observer is familiar 
with the method.  The geometric morphometric method is not as strong as the other two 
methods, but with further research and modifications may become a feasible option for 
sex estimation using the distal humerus.  The author concludes that the distal humerus is 
sexually dimorphic and can be used to estimate sex accurately. 
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CHAPTER 1:  INTRODUCTION 
 
Sex estimation is one of the most important, and arguably the first, parts of the 
biological profile that is estimated for purposes of human identification  (Bass 1995; 
Gomez-Valdes et al. 2012; Kimmerle et al. 2008; Mall et al. 2001; Spradley and Jantz 
2011; Srivastavat et al. 2013; Uzun et al. 2011).  The pelvis is the most accurate way to 
estimate sex, with as high as a 90-95% accuracy rate, but it is often damaged in burial 
contexts, rendering it necessary to have multiple methods of sex estimation (Bytheway 
and Ross 20120; Falys et al. 2005; Frutos 2005; Gomez-Valdes et al. 2012; Kranioti et 
al. 2009; Kraioti and Michalodimitrakis 2009; Passalacqua et al. 2013; Spradley and 
Jantz 2011).  While classification rates vary and are dependent upon specific skeletal 
elements, the generally accepted rule of thumb is that a usable method has a rate of 
classification above 80% (citation).  “Good” methods generally have classification rates 
that fall in the range of middle 80th percentile to lower 90th percentile (Holman and 
Bennett 1991; Rogers 1999).  A commonly accepted fact among anthropologists is that 
natural variation exists between populations, meaning that most methods developed are 
population-specific (Iscan 1998; Uzun et al. 2011).  This creates a need for constant 
validation of methods on various populations.  Joint-related measurements have been 
shown to be useful in sex estimation (Albanese et al. 2005), making the distal humerus a 
promising choice for further examination.   
 
Validation studies are an integral part of research in forensic anthropology.  
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Methods, whether they are for sex, age-at-death, or ancestry estimation, must not only 
have high rates of correct classification, but they must be able to be repeated accurately 
and precisely by people who only have the article to help them with the method (Falys et 
al. 2005; Robinson and Bidmos 2009).  According to Falys et al. (2005:1), methods of 
sex estimation must involve “standardized, regularly occurring, and recordable 
differences in skeletal morphology between male and female individuals.”  Validation 
studies help ensure that the traits being used in these methods are indeed regularly 
occurring in a majority of a population. 
 
This reason is why documented skeletal collections are important; they allow for 
the constant re-testing of these methods on populations of known biological profiles.  
These collections must be representative not just of different populations, but of varying 
age, sex, health, and socioeconomic status within each population in order to be 
maximally effective.  As of right now, the majority of individuals that can be found in 
large skeletal collections in the United States are from American Black and American 
White population groups, lending an inherent bias and problem to methods created off of 
these collections (Tise et al. 2012).  Not only is it important to have methods created on a 
variety of populations, but it is important to have collections that are representative of a 
variety of populations as well.  Some examples of well-documented skeletal collections 
are the Pretoria Bone Collection and the Athens Collection.  The Pretoria Bone 
Collection was established in 1987 and is housed at the University of Pretoria in South 
Africa, in the Department of Anatomy.  The specimens start out as cadaver teaching 
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specimens in the Anatomy Department and are then macerated and stored for research.  
Several biologically distinct groups are represented, including black South African males 
and females and white South African males and females (Vance et al. 2011).  The Athens 
Collection is small, consisting of only 225 specimens, but has documented demographic 
information including sex, age, occupation, and cause of death.  The Athens Collection is 
housed at the University of Athens, Greece in the Department of Animal and Human 
Physiology.  The collection is a modern reference collection because the year of death 
range is 1960 to 1996.  Both lower and middle socioeconomic statuses are represented in 
the collection (Charisi et al. 2011). 
 
 
Semantics of terminology 
 
 Several different phrases may be found in literature surrounding sexual 
dimorphism in forensic anthropology: sex estimation, sex determination, and sex 
assessment.  What is the difference?  Is there one?  These questions have recently begun 
to be discussed in the field of forensic anthropology.  According to Moore (2013:92), sex 
estimation “is the metric estimation of sex using estimable error rates.”  This definition is 
paraphrased from Spradley and Jantz (2011:290).  Sex assessment refers to visual 
methods, which are both more traditional and more subjective (Moore 2013; Spradley 
and Jantz 2011).  Ousley and Jantz (2012) describe the difference between sex estimation 
and sex determination.  They state that genetics determines sex, and therefore 
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anthropological methods not related to DNA analysis are simply estimating sex.  The 
example given is that the presence of the Y chromosome is what determines male sex 
(Ousley and Jantz 2012).   
 
However, much of the literature, both past and current, prefers to use the phrase 
sex determination over sex estimation.  The following pieces of literature cited in this 
study use the phrase sex determination:  Albanese et al. 2005, Charisi et al. 2011, Falys et 
al. 2005, Holman and Bennett 1991, Iscan et al. 1998, Kim et al. 2013, Rogers 1999, 
Rogers 2006, Rogers 2009, Sakaue 2004, Srivastava et al. 2013, Uzun et al. 2011, and 
Vance et al. 2011.  The following pieces of literature cited in this study use the phrase 
sex estimation:  Albanese 2013, Frutos 2005, Moore 2013, Ousley and Jantz 2012, 
Spradley and Jantz 2011, Stull and Godde 2013, and Tise et al. 2012.  It is interesting to 
note that Mall et al. (2001) used determination when referring to sex, but estimation 
when referring to stature in the same article.  Perhaps this implies that they feel that sex 
can be more accurately assessed than stature.  For the purposes of this study, the phrase 
sex estimation is used because DNA analysis is not involved. 
 
 
What is sexual dimorphism? 
 
Sex estimation is an important part of the biological profile because humans, 
along with many other species, exhibit sexual dimorphism.  Simply put, sexual 
5 
dimorphism presents as discernable morphological differences between the sexes.  A 
more specific definition is that sexual dimorphism is the “average difference in body size 
between male and female adult individuals” (Charisi et al. 2011:10).  However, the larger 
sex can vary between species.  Males tend to be the larger sex in mammals and birds, but 
the opposite is true for many others in the animal kingdom.  Mammal and bird females 
are thought to be smaller because it allows them to focus their energy on reproduction 
and the associated processes (Charisi et al. 2011).   
 
 Sexual dimorphism is present in many aspects of the human skeleton.  Stature, 
size, and shape differences are examples of such dimorphism, with males generally being 
larger (Charisi et al. 2011).  However, it is believed that the amount of sexual 
dimorphism between human males and females is only about 5% (Rogers 1999).  Males 
are estimated to be approximately 8-20% larger in body size than females, and their 
larger stature is attributed to differences in growth rates of the lower limbs (Charisi et al. 
2011).  This is one of the reasons that the long bones of the human skeleton have the 
potential to be excellent indicators of sex.  The size differences between adult human 
males and females are visually illustrated through the presence of larger and more robust 
bones in males.   An individual being “adult” is emphasized because puberty must be 
reached before these size and shape differences generally become visible (Charisi et al. 
2011). 
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 Sexual dimorphism can vary between populations and leads to one of the 
problems associated with metric methods of sex estimation that will be discussed later.  
Genetics, diet, and other environmental stressors are thought to contribute to the degree 
of expression of sexual dimorphism (Charisi et al. 2011; Kimmerle et al. 2008).  On the 
one hand, malnutrition can lead to a reduction of sexual dimorphism.  This reduction can 
be reversed however, once a proper diet has been resumed.  On the other hand, a very 
high protein intake has been shown to reduce sexual dimorphism as well (Charisi et al. 
2011). Mechanical load as related to the division of labor is also thought to have an effect 
on sexual dimorphism (Charisi et al. 2011).  Studies have shown that hunter-gatherer 
groups with division of labor had higher expressions of sexual dimorphism than 
agricultural societies in which both sexes performed the same types of labor (Charisi et 
al. 2011).  Many factors contribute to sexual dimorphism, and the knowledge of what 
may be affecting the sexual dimorphism of a population may provide clues to the daily 
activities of a people. 
 
Sexual dimorphism in the humerus 
The humerus has the potential to be a strong morphological and metric indicator 
of sex because of its relationship to the carrying angle of the arm and its not being a 
weight-bearing long bone (Rogers 1999; Tanaka et al. 2000).  Since the humerus is not a 
weight-bearing bone, it is thought that its differences will be more reflective of sex rather 
than size (Tanaka et al. 2000).  The carrying angle of the arm is defined as “the lateral 
deviation of the human forearm from the humeral axis” and is approximately 20 to 25 
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degrees in females, while it is only 10 to 15 degrees in males (Falys et al. 2005:1; Rogers 
1999:57).  The medial epicondyle, trochlea, and humero-ulnar joint are all associated 
with the carrying angle and therefore have the most potential to reflect sex differences in 
the distal humerus (Rogers 1999). 
 
 The carrying angle is believed to be different in males and females based on 
morphologic differences in their shoulders and hips.  While males have narrower hips and 
wider shoulders, the opposite is true in females and requires a different carrying angle in 
the elbow to allow the upper limb to move past the hips during swinging movements.  
Since females have wider hips, their carrying angle must be greater in order for this to 
occur (Falys et al. 2005). 
 
 
Metric and morphologic methods of sex estimation 
 
 Both metric and morphologic methods of sex estimation are commonly used.  The 
type of method used can be dependent upon observer preference, availability of 
instruments, skeletal element(s) present, and amount of damage to the present element(s).  
For example, damage may obscure some landmarks necessary for measurements, but 
morphologic traits may still be able to be assessed.  While both types of methods often 
have high rates of accuracy, they are most effective when used in combination (Robinson 
and Bidmos 2009; Rogers 1999). 
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 Multivariate and univariate methods are used in metric sex estimation (Albanese 
et al. 2005; Spradley and Jantz 2011; Steyn and Iscan 1999; Tise et al. 2012).  
Multivariate methods are preferred because they take into account multiple 
measurements, which can all be from one bone or from a variety of bones.  Discriminant 
function analyses are widely used because they are easy to reproduce, resulting in lower 
intra- and inter-observer error rates (Kim et al. 2013).  A discriminant function analysis 
creates a formula from specimens of a known sex that can then be used to classify 
individuals of an unknown sex (McKeown and Schmidt 2013).  However, these formulae 
are generally population-specific (Rogers 1999). 
 
 
Problems with metric and morphologic methods of sex estimation 
 
 While metric methods of sex estimation have very high rates of accuracy and are 
fairly easy to execute, they are not without their flaws.  Many metric methods are 
population-specific based on varying size and sexual dimorphism patterns that exist 
across populations (Albanese et al. 2005; Iscan 1998; Srivastava et al. 2013).  Therefore, 
methods that were created on one population may not be wholly accurate when applied to 
an untested population.  This can result in skewed classifications or erroneously affect the 
perceived accuracy of the method.  For example, Franklin et al. (2013) mentions a 
preliminary study in which they attempted to apply sexing methods developed on South 
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African White and American White individuals to Western Australian individuals.  Their 
results showed acceptable classification rates at 80% or higher; the numbers of males 
versus females classified correctly were heavily skewed.  This discovery led the 
researchers to work on developing their own population-specific methods for Western 
Australian populations.  When applied in a forensic context, this can be less of an issue 
because it is becoming more common to have access to a database or published statistics 
for contemporary populations, but there are still many areas of the world in which there 
are no such representative data (Franklin et al. 2013).  However, Franklin et al. (2013) 
also claim that when a large, independent sample is used with multiple measurements, it 
is possible to create a metric method of sex estimation that is not population-specific. 
 
Another problem with metric methods is their application in bioarchaeological 
samples.  On top of the normal variation patterns that exist between populations, changes 
in activity patterns, living conditions, and genetic variation can result in temporal 
variation that makes it necessary to have different methods for archaeological and 
contemporary individuals of the same population (Albanese et al. 2005).  Archaeological 
and bioarchaeological samples may also have higher rates of fragmentation and less 
complete skeletons, emphasizing the need for multiple methods of sex estimation since it 
can never be known what portion of the skeleton will be found (Passalacqua et al. 2013).  
For the purposes of this study however, sex estimation will be limited to a forensic 
context on contemporary populations.  
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The lack of a complete skeleton can become problematic not just in an 
archaeological sample as previously discussed, but in a forensic context as well.  Many 
times forensic anthropologists are called to assist in identification and recovery in mass 
disasters or on skeletonized remains that have been exposed to environmental conditions 
for some time.  The remains are therefore often fragmented, burned, missing elements, 
commingled, or have been subjected to another type of taphonomic destruction, such as 
animal scavenging (Kranioti and Michalodimitrakis 2009; Srivastava et al. 2013).  This 
yet again underscores the importance of having methods of sex estimation for as many 
skeletal elements as possible. 
 
Metric methods are also limited by the fact that they can only take into account 
those differences that are measurable by the instruments used, usually calipers or an 
osteometric board.  These instruments can only take measurements in a linear plane and 
are not able to take into account the positions of the landmarks relative to each other, or 
the shape of the bone (Ross and Williams 2008; Tanaka et al. 2000).  Measurements are 
also greatly hindered when portions of a skeletal element are damaged (Rogers 1999). 
 
Morphological methods have a high degree of accuracy as well for sex estimation, 
but rely both on an experienced observer and on the presence of a nearly complete 
skeleton.  While morphological methods are considered by many to be the most efficient 
method of sex estimation, these types of methods are less objective and therefore lend 
themselves to a high probability of inter-observer and intra-observer error (Kranioti et al. 
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2009; Kranioti and Michalodimitrakis 2009). The methods themselves are also less 
straightforward in that one may be asked to rate a characteristic as “narrow” or “wide” 
without a solid knowledge of what constitutes each category (Pretorius et al. 2006). 
 
What is geometric morphometrics? 
 
 Geometric morphometrics is a relatively new technique in the field of biological 
anthropology that allows for the quantification of morphological characteristics and the 
analysis of both shape and size differences using statistics (Bilfeld et al. 2013; Frelat et 
al. 2012; Kimmerle et al. 2008; Kranioti et al. 2009; Pretorius et al. 2006; Ross and 
Williams 2008).  While it can take into account size differences, the purpose of geometric 
morphometrics is to allow the observer to examine shape differences without the 
interaction of size differences (McKeown and Schmidt 2013).  Geometric morphometrics 
has strong potential because, unlike metric methods, it does not just capture linear data; it 
uses two-dimensional or three-dimensional landmark coordinates that take into account 
the shape of an object and the locations of these landmarks relative to each other (Bilfeld 
et al. 2013; Corner et al. 1992; Kranioti et al. 2009; Ross and Williams 2008; Slice 
2007).  The coordinates taken are normally Cartesian coordinates, taken in an x, y, and z 
plane (McKeown and Schmidt 2013).  This technique has the potential to enhance 
anthropologists’ ability to study sexual dimorphism by adding the ability to quantify 
shape and possibly identify skeletal features that were not previously viewed as sexually 
dimorphic (Kimmerle et al. 2008). 
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 Basics of geometric morphometrics 
 
Geometric morphometrics is able to combine both metrics and morphometrics in 
its analysis, which has previously been shown to be the best way to estimate sex (Kranioti 
et al. 2009).  Shape is just as important a factor in sexual dimorphism as size, hence why 
geometric morphometrics is an important advancement in anthropology (Tanaka et al. 
2000).  Metric methods are size-based and population-specific; since geometric 
morphometrics involves shape, it has the potential to be less (or not at all) population-
specific.  Another benefit to geometric morphometrics is that it provides graphical 
representations of its statistical results, making the results and any shape differences 
easier to visualize (McKeown and Schmidt 2013).  Different methods of geometric 
morphometrics exist, including capturing points directly from an object using a digitizer 
or extracting points from scanned images, such as CT scans (McKeown and Schmidt 
2013; Ross and Williams 2008). 
 
Theoretical aspects of geometric morphometrics 
 
 Kendall’s shape space is the theoretical foundation of shape space used in 
geometric morphometrics.  Kendall’s shape space is defined as a non-Euclidean 
multidimensional space in which configurations of two or more dimensions can be 
plotted as a single point.  Non-Euclidean is a geometry term that refers to a curved, 
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nonlinear space (McKeown and Schmidt 2013).  According to McKeown and Schmidt 
(2013), the most popular method in geometric morphometrics for analyzing the 
coordinates of more than two configurations is called a generalized Procrustes analysis 
(GPA) (Figure 1.1).  A Procrustes analysis is defined by Slice (2007:263) as “the analysis 
of shape coordinates generated by the least-squares superimposition of configurations of 
landmarks.”  A GPA then translates and rotates the samples in order to minimize the 
squared, summed distances between landmarks (McKeown and Schmidt 2013; Slice 
2007).  While the coordinates are no longer in Kendall’s shape space once they are fitted 
using the GPA, they do exist in a hemisphere that has comparable properties to Kendall’s 
shape space (McKeown and Schmidt 2013).   
  
 There are several ways in which the coordinates can then be analyzed.  A link to 
Euclidean space is created that allows for the coordinates to be used in linear statistical 
analyses.  In order to be able to perform such an analysis, a space tangent to a linear 
vector plane must be created to be able to project the coordinates into a Euclidean plane.  
The other option is to use a principal components analysis (PCA), which bypasses the 
previously discussed and more complex method by approximating the curved shape 
space (McKeown and Schmidt 2013). 
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Figure 1.1.  Example of a GPA from McKeown and Schmidt (2013). 
 
Types of landmarks 
 
 Landmarks are chosen by the researcher and are usually specific for each study or 
skeletal element.  They are usually based off of anatomical landmarks, preferably ones 
that are homologous, or occur in approximately the same place on all specimens 
(McKeown and Schmidt 2013).  Three types of landmarks exist based on the acceptance 
that not every landmark is homologous.  Type 1 landmarks are homologous locations that 
can be found by intersecting or juxtaposed features, such as the intersection of two 
cranial sutures.  Type II landmarks are points of maximum or minimum curvature on a 
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specimen.  Type III landmarks are points that can be found by their relation to other 
existing landmarks (Bookstein 1991; McKeown and Schmidt 2013).  For example, a type 
III landmark could be one that is defined as the midpoint between two existing Type I 
landmarks.  Type III landmarks can be problematic because of their lack of homology.  
Landmarks on postcranial skeletal elements are more often Type II or III than Type I 
(McKeown and Schmidt 2013). 
  
 Another type of landmark is a semilandmark.  Semilandmarks are also known as 
“sliding landmarks” and are recorded by using a digitizer to trace curves and outlines of a 
skeletal element.  The digitizer can usually be set to capture points at pre-determined 
distances.  These types of landmarks are important because there are many parts of 
skeletal elements, particularly on the skull, that do not fall under Type I, II, or III 
landmarks, but are still of significance when analyzing shape differences (McKeown and 
Schmidt 2013).   
 
 
Problems with geometric morphometrics 
 
 Geometric morphometrics has an inherent problem in that it is a newer method in 
biological anthropology and has simply not been around for very long.  It also has a much 
larger learning curve than other methods, which means fewer scholars are willing or able 
to use it.  Geometric morphometrics requires an extensive knowledge base and it has a 
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higher potential for high intra- and inter-observer error rates (Corner et al. 1992).  It is 
strongly emphasized by McKeown and Schmidt (2013) that researchers interested in 
using geometrics morphometrics should be familiar with multivariate statistics and be 
well-read in the mathematical theoretical aspects of the method. 
 
 
 
Application of the humerus to sex estimation  
 More recently, long bones have been shown to be better indicators of sex than 
previously thought (Spradley and Jantz 2011).  Part of this is due to their record as being 
one of the skeletal elements that has better preservation.  They also have easily 
distinguished and repeatable landmarks for measuring (Kim et al. 2013; Sakaue 2004; 
Srivastava et al. 2013).  As far as which measurements are the most useful for sex 
estimation, there are conflicting reports.  Some studies claim that long bone shaft 
circumferences are the best indicator, while others claim that shaft lengths are the best 
sex estimator (Sakaue 2004).  This is most likely because the use of long bones in sex 
estimation is still a more recent idea, and more research needs to be done to make a firm 
decision.   
 
The humerus is a good choice for sex estimation because it is one of the strongest 
long bones in the body and is therefore likely to be recovered even when the majority of 
the remains are in a fragmented state (Kranioti et al. 2009).  While this study is aimed at 
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forensic analysis, it is hoped that the same techniques used can and will be applied in 
archaeological contexts as well.  Humeri, especially the distal portion, are found 
frequently in the hominin fossil record and are usually in a state of good preservation 
(Bermudez de Castro et al. 2012).  It follows then that the same may hold true over the 
years for human humeri. 
 
 
Study goals and hypotheses 
 
The aim of this study is to evaluate the usefulness of the distal humerus for sex 
estimation.  Three different methods will be evaluated:  metric, non-metric, and 
geometric morphometric.  The accuracy rates of these three methods will be compared to 
see (1), if any of the methods have high enough accuracy rates to be deemed applicable to 
sex estimation, and (2), to see which method is the most accurate.  Also taken into 
account will be the reliability and repeatability of the methods.  If a method is highly 
accurate, but difficult to execute, it may not be a viable first choice for use in sex 
estimation.  This study also aims to examine specifically the usefulness of geometric 
morphometrics for sex estimation of the distal humerus. The goal of this research is to 
corroborate the usefulness of the distal humerus in sex estimation and the usefulness of 
geometric morphometrics in sex estimation, as well as validate metric and visual methods 
for sex estimation using the distal humerus. 
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In terms of the method comparison aspect of this study, the null hypothesis is that 
all three methods of sex estimation using the distal humerus will have equal success.  The 
alternate hypothesis is that the metric analysis will prove to be the most accurate method 
and have the lowest intra- and inter-observer error rates.  For the metric analysis, the null 
hypothesis is that no measureable difference exists between males and females in terms 
of the epicondylar breadth of the humerus.  The alternate hypothesis is that the 
epicondylar breadth will be a useful method of sex estimation and have low intra- and 
inter-observer error rates.  For the nonmetric (morphologic) analysis, the null hypothesis 
is that the morphologic traits do not exhibit differences between males and females.  The 
alternate hypothesis is that while the morphologic traits are useful in sex estimation, the 
intra- and inter-observer error rates are high.  For the geometric morphometric analysis, 
the null hypothesis is that there are no shape differences between males and females on 
the distal humerus.  The alternate hypothesis is that shape differences do exist between 
males and females on the distal humerus. 
 
This section has discussed the basic topics behind the research that will be 
presented shortly.  Chapter 2 will examine previous research that is relevant to the current 
study.  Chapter 3 will detail the materials and methods of the research.  Chapter 4 will 
present the results of the research.  Chapter 5 will discuss the results and their 
implications.  Chapter 6 will give an overview of the importance of this research, as well 
as some potential future research avenues. 
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CHAPTER 2:  PREVIOUS RESEARCH 
 
For many years, the skull was considered to be the second best element of the 
skeleton to use for sex estimation, even with evidence to the contrary.  Spradley and Jantz 
published a comprehensive study in 2011 that examined the usefulness of the skull versus 
postcranial elements in sex estimation.  Their use of the Forensic Databank gave them a 
large sample to test the question.  The results of the study showed that postcranial 
elements are more accurate for sex estimation in both American Blacks and American 
Whites.  Metric multivariate analyses of long bones were shown to be the best method for 
sex estimation, when possible (Spradley and Jantz 2011).  This sparked a change in 
literature . For example, the fifth edition of “Human Osteology:  A Laboratory and Field 
Manual” by William M. Bass was updated to include this change.  In the book, Bass 
states that his previous editions had stated that the humerus was a poor bone for sex 
estimation, but in light of Spradley’s and Jantz’s 2011 research, he was now reversing 
that statement (Bass 1995).  It is also worth noting that they found the epicondylar 
breadth measurement of the humerus to have a classification rate of 86%, tied with the 
humerus head diameter measurement for the most useful of the humeral measurements. 
 
The pelvis is widely accepted as the best skeletal element to be used for sex 
estimation (Bass 1995; Buikstra and Ubelaker 1994; Spradley and Jantz 2011).  However, 
the pelvis or portions of it needed for analysis may not always be present  (Spradley and 
Jantz 2011).  The pelvis is also commonly damaged in bioarchaeological or other burial 
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environments (Falys et al. 2005).  These reasons necessitate the development of sex 
estimation methods from the postcranial skeleton that may be used in absence of the 
pelvis. 
 
Studies using metric methods of sex estimation in the postcranial skeleton 
 
Metric methods of sex estimation have been shown to be population-specific 
(Albanese et al. 2005; Frutos 2005; Iscan et al. 1998; Lague and Jungers 1999; Mall et al. 
2001; Steyn and Iscan 1999; Uzun et al. 2011).  While metric studies vary as to exactly 
the cut-off point between males and females , there is a general trend of male 
osteometrics being larger than female osteometrics at a statistically significant (p<0.001) 
level (Frutos 2005; Iscan et al. 1998; Kim et al. 2013; Kranioti and Michalodimitrakis 
2009; Patil et al. 2011; Robinson and Bidmos 2009; Srivastava et al. 2013; Uzun et al. 
2011).  
 
Postcranial elements are continually being shown to have high classification 
accuracies when it comes to sex estimation.  Measurements from the humerus and femur 
achieved well above 80% classification accuracies in a Chilean cemetery population of 
over 200 individuals (Ross and Manneschi 2011).  A study using the CT scans of the 
femurs of 220 Korean individuals found that several measurements involving the medial 
and later condyles have the potential to be used in sex determination, with classification 
accuracies above 80% (Kim et al. 2013). 
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A study by Robinson and Bidmos (2009) compared the use of the skull and 
humerus in sex estimation on approximately 500 individuals from the Raymond Dart, 
Pretoria, and Cape Town skeletal collections.  The two measurements used for the 
humerus were epicondylar breadth and vertical head diameter.  Twelve common cranial 
measurements were used.  The humerus performed better than the skull in all three 
skeletal collections.  The humerus had classification accuracies of 88.5%, 89.6%, and 
95.5% for the Raymond Dart, Pretoria, and Cape Town skeletal collections, respectively.  
The skull had classification accuracy ranges of 72-87.8%, 66.3-84.7%, and 72.1-95.2% 
for the three collections, respectively.  These findings are in agreement with the results of 
the 2011 study by Spradley and Jantz, where the postcranial elements were shown to be 
better estimators of sex than the skull.  
 
Another trend found among many of studies involving metric methods of sex 
estimation using long bones of the arm is that the epiphyseal measurements perform 
better than circumference or length measurements (Albanese et al. 2005; Charisi et al. 
2011; Iscan et al. 1998; Sakaue 2004; Steyn and Iscan 1999; Uzun et al. 2011).  
However, several studies have found humeral length to be the best single measurement 
for sex estimation in Cretan, Chinese, and German populations (Iscan et al. 1998; 
Kranioti and Michalodimitrakis 2009; Mall et al. 2001).  The distal humerus is a good 
element to examine because out of the humeral measurements, the epicondylar breadth is 
consistently in the top three measurements for sex estimation (Albanese et al. 2005; Bass 
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1995; Frutos 2005; Iscan et al. 1998; Kranioti and Michalodimitrakis 2009; Mall et al. 
2001; Sakaue 2004; Steyn and Iscan 1999; Tise et al. 2012).  However, a study done by 
France (1988) showed the proximal humerus measurements to be more accurate than the 
distal humerus measurements.   
 
The long bones of the arm have been shown to be excellent estimators of sex.  
Charisi et al. (2011) examined the humeri, radii, and ulnae of 225 Greek individuals from 
a documented collection.  They found that all three bones had classification accuracies 
above 89%; the humerus had classification accuracies generally in the mid-90th 
percentile.  A study using 106 ulnae from an Indian population resulted in classification 
accuracies greater than 79%, with six of the nine discriminant functions having 
classification accuracies ranging from the mid-80th to low-90th percentiles (Srivastava et 
al. 2013). 
 
The results from Spradley’s and Jantz’s (2011) study appear to have spurred more 
postcranial sex estimation studies.  Stull and Godde (2013) have tentatively shown the 
potential of using the humerus and femur for sex estimation in non-adults.  They used 
radiographs to take standard osteometrics, and then compared the measurements to a 
known sample to correlate sex and size.  Their study was performed on infants between 
birth and one year of age and had a small sample size, so it bears further research. 
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Epicondylar breadth in metric studies 
 
 High classification rates using the epicondylar breadth have been found in many 
studies.  While the tibia and femur had previously been the most commonly used long 
bones in metric sex estimation methods, a study by Steyn and Iscan (1999) proved that 
the humerus is equally sexually dimorphic.  They applied univariate and stepwise 
discriminant functions to standard humeral measurements taken from a mix of 192 white 
and black humeri from the Raymond Dart and Pretoria skeletal collections in South 
Africa.  In both white and black females the epicondylar breadth measurement was just as 
accurate a sex classifier as the stepwise functions (95.8% and 91.1%, respectively).  The 
classification rates for epicondylar breadth of males were good as well, in the mid-80th 
percentile for whites and blacks.   
 
Albanese et al. (2005) examined standard humerus and femur measurements from 
over 500 individuals from the Coimbra Collection, Lisbon Collection, and an historic 
cemetery sample from Canada in order to create a methodology for univariate sample-
specific sex determination.  They found that joint measurements, especially the 
epicondylar breadth of the humerus, typically performed better than the other standard 
long bone measurements.  In particular, the humerus joint measurements were able to 
estimate sex at high rates even when the sex ratio was near 9:1, demonstrating the 
usefulness of the epicondylar breadth measurement in sex estimation. 
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 Frutos (2005) also demonstrated the usefulness of the epicondylar breadth in sex 
estimation.  The study was conducted on 118 humeri from a Guatemalan exhumation 
project, and out of all the standard humerus measurements, the epicondylar breadth was 
determined to have the second-highest classification rate (91.1%).  The results of this 
study also showed that male humeri are larger than female humeri at a statistically 
significant level (p<0.001). 
 
 Mall et al. (2011) looked at humerus, radius, and ulna measurements from 143 
anatomic specimens and found that the epicondylar breadth had a classification rate of 
88.49%.  Not only that, but the vertical humerus head diameter had the highest 
classification rate of the measurements from all the long bones, at 90.41%, once again 
demonstrating the usefulness of the humerus in sex estimation.  A classification rate of 
85.32% was achieved using epicondylar breadth on a Hispanic population from the Pima 
County Office of the Medical Examiner (Tise et al. 2012).  Epicondylar breadth was also 
found to be the best performing single humeral measurement in Japanese and Thai 
populations, 90% and 93%, respectively (Iscan et al. 1998).  Another study on a Japanese 
population resulted in an 88% classification accuracy using the epicondylar breadth 
(Sakaue 2004). 
  
 Due to the population-specificity of metric measurements, new studies using these 
methods are continually being performed.  A study performed on a Cretan population 
resulted in an 85.1% classification accuracy for sex when using only the epicondylar 
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breadth measurement and an overall 92.3% classification accuracy when using all 
standard humerus measurements (Kranioti and Michalodimitrakis 2009).  The 
epicondylar breadth has proved to be a strong measurement for the use of sex 
determination. 
 
 Studies have compared means of different measurements between populations to 
illustrate the population-specificity of metric methods.  The humeri of an Indian 
population from the anatomy department of an Indian medical school had smaller means 
for all standard humerus measurements than a Turkish population (Somesh et al. 2011).  
Frutos (2005) took an interesting approach to the topic of population-specificity in metric 
methods of sex estimation.  At the end of his study on Guatemalan humeri, he used 
stepwise and univariate discriminant functions created on Chinese, Japanese, Thai, 
Spanish, and German populations to classify the individuals in his study.  His results 
corroborated what has previously been thought:  metric methods are indeed population-
specific.  Out of fifteen discriminant functions from the Chinese, Japanese, Thai and 
Spanish populations, only four resulted in classification rates of over 80% when the 
Guatemalan sample was run.  Frutuos (2005) attributed the success of those four 
discriminant functions to the comparable body size among the populations.  
 
 The discriminant functions developed on the German population, which has a 
substantially larger body size than the Guatemalan population, performed very poorly 
when applied to the Guatemalan population.  The females were classified correctly 100% 
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of the time, but the males had classification rates ranging from 0% to 12.1% (Frutos 
2005).  
 
Iscan et al. (1998) looked at sex estimation using humerus measurements from 
Chinese, Japanese, and Thai populations.  When they applied the Chinese formula to 70 
Thai males, none of the specimens were correctly classified.  These results underscore 
how important it is for anthropologists to realize that metric methods are not universally 
applicable. 
 
Moving past population-specific methods 
 
Population-specificity has been the biggest hurdle facing metric methods of sex 
estimation in forensic anthropology and bioarchaeology.  The methods are generally easy 
to learn, teach, and reproduce, resulting in low intra- and inter-observer error rates and 
require very basic instruments, making them an otherwise excellent choice of method.  
Albanese (2013) conducted a study in which he attempted to move past metric methods 
that are population-specific.  He used measurements of the clavicle, humerus, radius, and 
ulna to create a series of formulae with differing combinations of measurements to 
estimate sex.  One of the humerus measurements was epicondylar breadth.  He created 
the formulae using measurements he obtained from the Terry Collection and the Coimbra 
Collection and then proceeded to test the formulae on specimens from the Grant 
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Collection and the Lisbon Collection.  His purpose in using four different collections was 
to obtain a wider variety of demographic data among specimens. 
 
 All formulae resulted in classification rates of over 87.4%, and when at least three 
measurements from at least two of the bones were used, the classification rate was over 
90%.  Small males were the only major trouble point in the study; they were frequently 
classified incorrectly.  This study confirms that it is possible to develop metric methods 
of sex determination that are not population-specific and can be applied both in forensic 
and bioarchaeological contexts.  Hopefully more studies like this one will be conducted 
in the future to help alleviate the issue of population-specificity in metric methods. 
 
Studies using nonmetric methods of sex estimation of the humerus 
 
The visual, or nonmetric, method of evaluating the posterior distal humerus for 
the purposes of sex estimation is a fairly new technique.  Rogers published her original 
methodology in 1999, making the technique only 15 years old.  The method was 
developed over a several year period involving several skeletal collections.  The method 
was originally developed using the Grant Skeletal Collection at the University of 
Toronto’s Department of Anthropology.  Twenty humeri were examined to identify 
features that had the potential to be sex-specific.  The trochlea, olecranon fossa, and 
medial epicondyle were the features that Rogers (1999) decided had the most potential to 
be sex-specific.  Two additional traits were added at a later point in the study.  The sex 
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was estimated by “majority rule;” the sex with three or more scored traits was the overall 
determined sex. 
 
The three original features were then tested on a sample of another thirty-nine 
specimens and achieved classification rates ranging from 56% to 85%.  The angle of the 
medial epicondyle was the only one of the traits to have a classification rate above 80%.  
The inter-observer error rate was also quite high (21-32%), leading to Rogers’ decision to 
redefine the features and use a different skeletal collection to further test the method.  
Rogers (1999) next tested the method on thirty-five white individuals from the 
documented collection located in the Department of Anthropology at the University of 
New Mexico.  See Table 2.1 for detailed descriptions of the traits used and their 
expressions in males versus females, as well as Figures 2.1 and 2.2.  The University of 
New Mexico collection yielded a classification rate of 88.6% when all five traits were 
used in combination. 
 
Rogers (1999) then tested her method on 93 white individuals at the William Bass 
Donated Skeletal Collection located at the University of Tennessee-Knoxville (UTK).  In 
males, trochlear constriction had the highest classification rate (87%) and the olecranon 
fossa had the highest classification rate in females (88%).  When all five traits were 
combined, an overall classification rate of 91% was achieved.  Rogers recommended that 
in the case of ambiguous individuals, the olecranon fossa should hold more weight 
because it was the most consistent trait.  She also recommended that this trait be used in 
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conjunction with metric methods.  It should be noted that only seven individuals from the 
University of New Mexico collection and nineteen individuals from the UTK collection 
were female.  It is possible this could have had an effect on the results. 
 
Since then, her methods have been tested on several different populations to both 
validate the method and assess how population-specific the methods are. Trochlear 
constriction has been thrown out or recommended against being used as part of Rogers’ 
methodology in more recent studies (Falys et al. 2005; Vance et al. 2011).  Therefore, in 
this study, the author chose not to include trochlear constriction as one of the non-metric 
traits being examined. 
 
Falys et al. (2005) and Rogers (2006) both tested the applicability of the method 
on archaeological samples.  Falys et al. (2005) examined the posterior distal humeri of 
351 individuals from a documented skeletal collection at St. Bride’s Church, Fleet Street, 
London.  This sample was much larger than the samples used in the Rogers (1999) study, 
and contained approximately equal amounts of males and females.  The first trait in Table 
2.1 was not used in this study, nor was it used in subsequent studies.  The overall 
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Table 2.1. Nonmetric traits of the posterior distal humerus (Rogers 1999).  Note that 
the first trait was later discarded due to poor accuracy and that in the fourth trait, 
shape is more important than depth. 
Trait Male expression Female expression 
 
The orientation of the medial aspect of the 
trochlea relative to the shaft of the 
humerus 
Parallel to the 
shaft Angles across the shaft 
 
Trochlear constriction Less constricted 
More constricted and 
spool-shaped 
 
Trochlear symmetry Asymmetrical Symmetrical 
 
Olecranon fossa shape and depth Shallow triangle Deep oval 
 
Angle of the medial epicondyle 
Flat or slightly 
raised Distinctly raised 
 
 
Figure 2.1. Examples of how trochlear symmetry and olecranon fossa shape and 
depth are expressed in males (left) and females (right) (Rogers 1999).
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Figure 2.2. The expression of the angle of the medial epicondyle in males (left) and 
females (right) (Rogers 1999). 
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classification rate for the four traits used was 76.2% (72% males and 80.4% females).   
All of the traits except for trochlear constriction performed approximately the same in 
males and females; males had a 52.5% classification rate for trochlear constriction.  
However, when those individuals deemed indeterminate were re-assessed, the overall 
accuracy increased to 79.1%.  Falys et al. (2005) recommended that the traits be assessed 
individually rather than in combination.  Their results showed the method to have 
potential, but they did not feel that Rogers’ method accounted for natural variation among 
males and females.  They also suggested that better examples of each trait would make it 
easier for future researchers to use the method in a consistent manner. 
 
 Rogers (2006) applied her method to two archaeological samples:  49 individuals 
from the Spitalfields Collection in London and 101 from the Lisbon Collection.  This 
sample had a much more even male to female ratio than her previous study, but was still 
small in comparison to Falys et al. (2005).  Since only four traits were now in use, when 
two male and two female traits were scored for an individual, the olecranon fossa shape 
and depth was used as the deciding trait.  Rogers (2006) achieved comparable results on 
these collections as Falys et al. (2005) did on an archaeological sample.  The Spitalfields 
Collection had an 80% classification rate and the Lisbon Collection had an 83% 
classification rate.  Females were classified correctly more often than males.  Inter-
observer error was tested using someone not already familiar with the method and was 
26%, which falls in the range of the error rate found in Rogers’ original 1999 study.  The 
method was not as successful on archaeological samples as it was on modern samples, 
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which Rogers (2006) attributed to a higher number of indeterminate cases than were 
found in the modern samples. 
 
 Rogers also tested the applicability of her method on adolescent skeletons in a 
2009 study.  Seven adolescent humeri from the Spitalfields collection and 35 from the 
Luis Lopes skeletal collection located in the National History Museum of the University 
of Lisbon, Portugal were used in this study.  The overall classification rate among all the 
humeri was 81%, and while this percentage shows promise for the application of this 
method to adolescents, it is important to remember that this is a very small sample size 
and more research should be done on a more substantial sample.   
 
 The most recently published study based off of Rogers’ (1999; 2006) method is 
the one that the nonmetric portion of this study is validating.  Vance et al. (2011) 
examined 608 humeri of white and black South Africans from the Raymond Dart and 
Pretoria skeletal collections.  The researchers modified Rogers’ original method (1999; 
2006) in an attempt to fix some of the issues that Falys et al. (2005) found with the 
method.  For example, a 5-graded scoring system was implemented to help better define 
the categories.  A score of 1 is male, 2 is probable male, 3 is ambiguous, 4 is probable 
female, and 5 is female.  The scores for the three traits used are then added together, and 
a score of 3-8 is male, 9 is ambiguous, and 10-15 is female.  Trochlear constriction was 
originally used as a fourth trait, but was thrown out because it was not deemed consistent 
or useful.  This was a problem found by Falys et al. (2005) as well; the trait barely had a 
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50% classification rate in males in that study.  Sixty individuals previously found to be 
ambiguous by Vance et al. (2011) were able to be correctly classified once trochlear 
constriction was removed from the analysis.   
 
 The results obtained by Vance et al. (2011) were much lower than those reported 
by Rogers (1999; 2006; 2009).  Whereas Rogers (1999; 2006; 2009) achieved 
classification rates of 80% or greater, Vance et al. (2011) reported an overall 
classification rate of 75.5%.  When the traits were examined in isolation, the angle of the 
medial epicondyle was the most accurate (70% in males, 55% in females), while the 
trochlear extension was the least accurate trait (45% in males, 56% in females).  Overall, 
females were classified correctly more often than males and males were more frequently 
misclassified as females than vice versa.  An inter-observer error study was conducted, 
and the observer’s results were consistent with those of the original observer.  Vance et 
al. (2011) conclude that this method has potential, and is comparable to other current 
methods of metric and nonmetric sex estimation, but should not be the first choice of 
method if other skeletal elements are readily available.  However, they acquiesce that 
their results may be a product of the population used in this study.  Previously, white 
South Africans have shown variable results in other sex estimation studies, including 
those using the pelvis, which is known to be exceedingly sexually dimorphic.  Like most 
methods, this one bears further testing and more validation in order to be more widely 
accepted.  
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Studies using geometric morphometrics 
 
Geometric morphometrics is a new technique overall in the field of biological 
anthropology, but especially in the evaluation of sexual dimorphism using the humerus.  
Pretorius et al. (2006) examined the usefulness of geometric morphometrics for assessing 
the sexual dimorphism of a skeletal element or feature.  The study examines orbit shape, 
ramus flexure, and greater sciatic notch shape of 60 black South Africans from the 
Pretoria Collection.  Their results found that a canonical variates analysis (CVA) 
provided better results than relative warp plots.  The geometric morphometrics approach 
corroborated what was already known about the shape of the greater sciatic notch: that it 
is sexually dimorphic.  It had a classification rate of 87.1% in females and 93.1% in 
males. 
 
The more interesting find in the results of the study was that the orbit shape had 
better classification rates and a more significant p-value than the ramus flexure.  
Previously, the orbit shape was thought to be sexually dimorphic but had not been able to 
be quantified or defined well enough for this to be tested.  The classification rates of orbit 
shape for females and males were 80% and 73.33%, respectively.  The ramus flexure 
achieved classification rates of 67.8% for females and 69.6% for males.  Pretorius et al. 
(2006) concluded that geometric morphometrics has the potential to be a very useful tool 
for assessing sexual dimorphism, especially in elements or features that may otherwise be 
hard to define or quantify. 
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Many geometric morphometric studies are focused on the cranium because its 
shape lends itself very well to the technique.  There are numerous potential landmarks 
that are homologous and easy to define based on the sutures or other surrounding cranial 
features.  Kimmerle et al. (2008) assessed the sexual dimorphism of 118 American 
Whites and American Blacks from the Bass Collection and Forensic Data Bank, using a 
Microscribe-3DX digitizer to record 3D coordinates of 16 standard craniometrics and the 
ThreeSkull software program.  A standard geometric morphometric analysis was run 
using a generalized Procrustes analysis and PCA.  A MANCOVA revealed that there was 
no significant interaction between size and shape for the ancestral groups, but male 
means were significantly different than female means (p<0.0001).  The classification 
rates ranged from 83.3% to 93.1%.  The results of this study are important because they 
revealed that sex, independently from size, had a significant influence on the shape of the 
crania used in this study.   
 
Another popular choice of skeletal element for studies using geometric 
morphometric techniques is the os coxa.  Bytheway and Ross (2010) were able to identify 
landmarks and regions on the os coxa that could be used to determine sex through a 
geometric morphometric approach with classification rates of 98-100%.  The study used 
200 os coxae from the Terry Collection, a Microscribe 3D digitizer, and basic geometric 
morphometric methods (GPA and PCA).  The results further corroborated the high 
usefulness of the os coxa in sex determination.  Veleminska et al. (2013) also further 
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demonstrated the usefulness of the os coxa in sex estimation through a geometric 
morphometric study based off of photos of over 200 individuals from two collections.  
The study concurred with the results of Pretorius et al. (2006), that the greater sciatic 
notch shape is both useful in sex estimation and can be quantified using a geometric 
morphometric approach.  However, Veleminska et al. (2013) also found that the number 
of landmarks used in an analysis can play a large role in the success of sex determination, 
and that too many landmarks can actually reduce classification rates.  While their results 
showed that using the greater sciatic notch in isolation was still not as reliable as using 
the os coxa as a whole, they did indicate that the shape of the greater sciatic notch may 
not be population-specific.  This bears further research, and could open new doors in sex 
estimation and the use of geometric morphometric studies. 
 
Bilfeld et al. (2013) also used the pelvis (more specifically, the ilium) in a 
geometric morphometric study that used multislice computed tomography images of 
children.  Sex estimation of immature individuals has been a contentious topic in 
anthropology, and a good method has yet to be found.  The study did not find a 
statistically significant interaction between sex and size, but did find a statistically 
significant difference between sexes (p<0.001).  The results suggest the potential of 
geometric morphometrics in analyzing the sex of immature individuals. 
 
While the current study is focusing on the use of geometric morphometrics in sex 
estimation, geometric morphometric studies have also been used to examine long bone 
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shape differences among hominoids.  Bacon (2000) used geometric morphometrics to 
examine shape differences in the distal humerus of Homo, Pan, Gorilla, and six 
australopithecines.  Results showed that australopithecines are morphologically 
homogenous and closer in shape to apes than humans (at least as far as the distal humerus 
shape).  Bacon (2000) also found that while modern apes (Pan and Gorilla) have only 
minor morphological differences in the distal humerus, they can still be accurately 
classified by taxa.  Differences between Hominoid taxa in humerus shape were further 
demonstrated by Arias-Martorell (2012) and Holliday and Friedl (2013).  Frelat et al. 
(2012) used the tibia to demonstrate distinguishable shape differences between modern 
humans and non-human primates. 
 
Error associated with geometric morphometric studies 
 
Results obtained by Bytheway and Ross (2010) had high accuracy rates and 
corroborated the usefulness of the pelvis in sex estimation, but they noted that the 
accuracy of the method might decrease when used by people who are not familiar with 
geometric morphometrics. However, Anastasiou and Chamberlain (2012) reported low 
observer error when examining the sacro-iliac joint for sex estimation using geometric 
morphometrics.  Bilfeld et al. (2013) also reported low intra- and inter-observer error 
rates (less than 3%), but it is unknown how experienced some of the observers used for 
inter-observer studies are with the technique. 
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Ross and Williams (2008) used the cranium for a geometric morphometric study, 
but they focused on examining the reproducibility of the technique.  Two observers 
digitized three crania three separate times (for a total of six digitizations per skull).  The 
crania came from the C.A. Pound Human Identification Laboratory.  The results showed 
statistically significant error in landmark coordinate recording and in between-observer 
differences.  However, the authors noticed that the majority of the problematic landmarks 
were Type III landmarks, which are more arbitrary and difficult to record to begin with.  
Ross and Williams (2008) concluded that Type I landmarks remain the most easily 
reproduced among observers, and cautioned against the use of Type III landmarks due to 
the high degree of error they contribute. 
 
 
Sex estimation studies of the humerus using geometric morphometrics 
  
 An early application of geometric morphometrics to the human humerus is found 
in Tanaka et al. (2000).  This study looked at the proximal humerus outline shape of 69 
pairs of humeri from the Tokyo Jikei University School of Medicine.  Males were found 
to be larger than females at a statistically significant level based on the outline of the 
proximal humerus.  The authors concluded that the proximal humerus outline has the 
potential to be a reliable indicator of sex (using size and shape), but the proximal 
humerus is often not well-preserved. 
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A study by Kranioti et al. (2009) used geometric morphometrics to evaluate sex 
of a Cretan population using the humerus.  They examined radiographs of the proximal 
and distal ends of 97 humeri from the St. Konstantinos and Pateles Cemeteries in Crete.  
The results showed that classification rates increase when both size and shape are taken 
into account, making the case for the usefulness of geometric morphometrics.  When only 
shape was analyzed, the classification rates for the proximal and distal ends were 73% 
and 71%, respectively.  Upon the addition of size, the rates increased to 90% and 89%, 
respectively.  Results also found a statistically significant difference (p<0.044) in shape 
due to sexual dimorphism.  While the proximal end had slightly higher classification rates 
than the distal end, the authors decided that the difference was not large enough to form a 
conclusion as to which end is better for sex determination.  This study illustrates the 
importance of combining several methods, such as a metric analysis and a geometric 
morphometric analysis, to maximize the accuracy of the results. 
 
While many studies exist that examine metric, nonmetric, and geometric 
morphometric methods of analyzing the humerus, there is a lack of studies comparing the 
usefulness of the methods.  Validating current methods is also an important part of 
research in biological anthropology, adding further merit to this study.  Geometric 
morphometrics is still new, bearing further research and training, which can only occur 
when anthropologists attempt studies using this method.  All of these are reasons why the 
study to follow is of importance to the field of biological anthropology. 
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CHAPTER 3:  METHODS 
Skeletal Sample 
 
 The author analyzed humeri from the William M. Bass Donated Skeletal 
Collection in order to be able to conduct a blind analysis of a modern sample.  The Bass 
Donated Skeletal Collection is housed in the Forensic Anthropology Center (FAC) in the 
Department of Anthropology at the University of Tennessee, Knoxville (UTK).  The Bass 
Donated Skeletal Collection was established in 1981 for the purpose of conducting time-
since-death research, but is also available for osteological research (Shirley et al. 2011).  
The individuals in the Bass Donated Skeletal Collection are obtained one of three ways: 
donation by the individual prior to death, from the family of the deceased, or from the 
Medical Examiner (Shirley et al. 2011).  Due to the ways the individuals are obtained, 
demographic information is known for most of the individuals and includes age-at-death, 
sex, and ancestry.  Other information available for individuals in the collection includes 
estimated stature, estimated weight, and cause of death (Shirley et al. 2011).   
 
The Bass Donated Skeletal Collection is comprised of approximately 1200 
individuals with birth years ranging from 1892 to 2011.  However, the majority of the 
individuals were born after 1940.  The ages-at-death of the majority of the individuals are 
between 40 years and 80 years old and approximately 600 of the individuals are male 
(Shirley et al. 2011).  Over three-quarters of the individuals in the Bass Donated Skeletal 
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Collection are White, but Black, Hispanic, and Native American individuals are also 
present (Shirley et al. 2011).  
 
Data for sex, ancestry, and age-at-death are available and the demographic 
information of the sample is found in the Appendix (Table A.1).  Ancestry and age-at-
death were not taken into account when selecting the humeri for this analysis, but the 
author attempted to obtain roughly a 50:50 sex ratio.  Metric data were collected from 
448 humeri (218 females, 230 males), non-metric data were collected from 444 humeri 
(216 females, 228 males), and three-dimensional coordinates were collected from 227 
humeri (110 females, 117 males) using a digitizer.  The ages-at death ranged from 19 to 
91 (Table 3.1).  The majority of the specimens fell in the age range of 50-79. The left 
humerus was used whenever possible.  The right humerus was used when the left was not 
available or was deemed unfit due to a pathological condition, trauma, or postmortem 
damage.  The demographic data for each individual was covered prior to the study so as 
to prevent a bias from affecting the results.  The demographic data remained covered for 
the duration of the study. 
 
Metric Analysis 
 
 Metric data were collected from 448 individuals.  The left humerus was used 
unless it was damaged or not present, in which case the right humerus was then used.  
The epicondylar breadth was measured for each humerus using an osteometric board and 
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recorded to the nearest millimeter.  The epicondylar breadth is defined by Buikstra and 
Ubelaker (1994:80) as the “distance of the most laterally protruding point on the lateral 
epicondyle from the corresponding projection of the medial epicondyle” (Figure 3.1).  
Per the method described by Buikstra and Ubelaker (1994), the posterior surface of each 
humerus was placed on the osteometric board with the medial epicondyle against the 
vertical endboard.  The movable board was then applied to the lateral epicondyle and the 
measurement was taken. 
 
 A sectioning point was determined by taking the midway point between the male 
and female means of the epicondylar breath measurements.  Individuals whose 
epicondylar breadth fell below the sectioning point were classified as “female,” those 
whose epicondylar breadth were above the sectioning point were classified as “male,” 
and those whose epicondylar breadth equaled the sectioning point were classified as 
“indeterminate.” 
 
 Inter-observer error and intra-observer error were both accounted for in each part 
of this study.  The following website was used as a random number generator: 
http://www.stattrek.com/statistics/random-number-generator.aspx.  The author generated 
one hundred random numbers with the specifications of 2 through 493 with no repeats.  
These one hundred numbers were then matched up with Excel cell numbers on the 
inventory list, and those specimens were used for the inter-observer and intra-observer 
analyses.   
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 Seventy-two humeri (approximately 16% of the sample) were re-assessed for 
intra-observer error in the metric portion of this study.  A paired t-test was run using the 
statistical software SPSS (version 20) to check for statistical significance between the two 
sets of measurements.  Eighty humeri (approximately 18% of the sample) were re-
assessed for inter-observer error in the metric portion of this study.  The observer was a 
colleague of comparable education to the author.  An intra-class correlation coefficient 
test was run using the statistical software SPSS (version 20) to check for statistical 
significance between the two sets of measurements. 
 
 Non-metric Analysis 
 
Three morphological characteristics were assessed on the posterior distal portion 
of 444 humeri following the methods described by Vance et al. (2011).  The left humerus 
was used unless it was damaged or not present, in which case the right humerus was then 
used.  The Vance et al. (2011) method is a modified version of the Rogers (1999) 
method, which was the first method using the distal humerus for sex estimation.  The 
Rogers (1999) method used a fourth characteristic, trochlear constriction, but Vance et al. 
(2011) found that this characteristic was difficult to score reliably and discarded it from 
their study.  The three characteristics assessed are as follows: angle of the medial 
epicondyle, olecranon fossa shape, and trochlear extension.   
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In males, the olecranon fossa shape is approximately triangular, while in females 
it appears more oval (Figure 3.2).  In males, the medial epicondyle will appear parallel or 
at a slight angle to the table (Figure 3.3).  In females, the medial epicondyle will 
distinctly angle upwards from the flat surface on which it rests.  To assess the angle of the 
medial epicondyle, the humerus is placed posterior side up on a flat surface.  The best 
way to assess this characteristic is to get eye-level with the medial epicondyle and look 
up the shaft from the inferior to superior direction.  In males, the trochlea noticeably 
extends past the margin of the capitulum, while in females the trochlea and capitulum are 
more symmetrical (Figure 3.4).  Trochlear extension should be assessed while looking 
straight down at the humerus while it is resting posterior side up on a flat surface.  
Trochlear extension assesses the distance that the trochlea extends past the margin of the 
capitulum.   
 
Another modification by Vance et al. (2011) to the Rogers (1999) method is the 
integration of a 5-graded scoring system in order to better categorize each specimen as 
“male” or “female.”  A score of 1 or 2 is male, 3 is ambiguous, and 4 or 5 is female.  A 
score of 1 indicates “clearly male” while a score of 2 indicates “cautiously male.”  A 
score of 5 indicates “clearly female” while a score of 4 indicates “cautiously female.”  
Each of the three characteristics is scored out of the 5 points, and then the three scores are 
added together for a total score ranging from 3-15.  The minimum [3] and maximum [15] 
scores would indicate that the specimen was either hyper masculine or hyper feminine.  A 
total score ranging from 3 to 8 is male, 9 is ambiguous, and 10 to 15 is female.  Once 
46 
each humerus was assessed and scored, the percentage of correctly classified individuals 
and the percentage of incorrectly classified individuals were calculated. 
 
Seventy-two humeri (approximately 16% of the sample) were re-assessed for 
intra-observer error in the non-metric portion of this study.  Eighty humeri 
(approximately 18% of the sample) were re-assessed for inter-observer error in the non-
metric portion of this study.  The observer was a colleague of comparable education to 
the author.  A kappa statistic was calculated for both the intra- and inter-observer error 
per the method described by Komar and Buikstra (2007) to assess the reliability of the 
method and to check for agreement between the two sets of assessments.  
 
Geometric Morphometric Analysis 
 
 Twenty-eight landmarks were identified on the anterior and posterior distal 
humerus (Figures 3.5 and 3.6).  The landmarks are defined in detail in Table 3.1.  The 
landmarks were chosen based on a combination of landmarks found in previous literature 
and points on the humerus which the author felt had the potential to best capture the 
shape variation of the anterior and posterior distal humerus.  Twenty-three of the 
landmarks are Type II and five of them are Type III.  Landmarks 1 through 8 represent 
points of maximum curvature or projection along the borders of the articular surface of 
the anterior distal humerus.  Landmarks 13-17, 23, and 24 are from Kranioti et al. (2009). 
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 A Microscribe digitizer was used to register these landmarks on 227 humeri.  The 
left humerus was used unless it was damaged or not present, in which case the right 
humerus was then used.  A steel support stand with an adjustable test tube clamp was 
used to ensure the humeri stayed completely motionless during the use of the digitizer 
(Figure 3.7).  Once the recording of landmarks on a humerus begins, the humerus cannot 
move or the coordinate plane will be thrown off.  If the humerus moves, the observer 
must begin recording the landmarks from the beginning.  The landmarks were recorded in 
the same order, from 1 to 28, for each humerus.  As each point was taken, it was recorded 
as an X, Y, Z coordinate into an Excel spreadsheet.  If a landmark had damage or a 
pathological condition rendering the author unable to digitize that point, “0” was entered 
into the row for that landmark on the Excel spreadsheet. 
  
 The software program MorphoJ was used to analyze the data recorded by the 
digitizer (Klingenberg 2011).  The program is available to download free online and is 
compatible with both Mac and PC operating systems.  Three separate analyses were run:  
all landmarks, anterior landmarks only, and posterior landmarks only.  Each analysis was 
run in the same way.  Because each specimen’s coordinates were relative to an arbitrary 
axis associated only with the specific specimen, a GPA had to be performed first to 
translate, rescale, and rotate the configurations so they are relative to each other 
(McKeown and Schmidt 2013; Slice 2007).  In MorphoJ, a full Procrustes fit is 
performed, rather than just a partial (Klingenberg 2011).  The GPA minimizes the 
squared, summed distances and scales the specimens to the same unit, centroid size.  
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Centroid size is defined as the measure of the square root of the sum of squared distances 
from the landmark coordinates to the configuration centroid, or their average location 
(McKeown and Schmidt 2013; Slice 2007).  The landmarks are then all in a common 
coordinate system instead of in individual coordinate systems.  The GPA scales the 
coordinates so that size is removed as a variable from the analysis, and statistical analyses 
can now be conducted on the coordinates (McKeown and Schmidt 2013; Slice 2007).   
  
 Once the outliers were removed from the sample, 176 humeri were used in the 
“all landmarks” analysis, 196 humeri were used in the “anterior landmarks only” 
analysis, and 192 humeri were used in the “posterior landmarks only” analysis.  Outliers 
were generally the humeri with missing data points due to damage or osteophytic 
growths.  Once the outliers were excluded, a PCA was then performed to determine 
which variables account for the most variation among the specimens.  A discriminant 
function analysis was then run to create a method of classification between males and 
females.  The discriminant function analysis was chosen over the canonical variate 
analysis because this study is only looking at two specific groups:  males and females.  
Because a discriminant function analysis can over-estimate the existing separation 
between two groups, MorphoJ also runs a leave-one-out cross-validation to test the 
reliability of the discriminant function that is produced (Klingenberg 2011).  A 
permutation test was selected as well, at 10,000 permutation runs, for the null hypothesis 
of equal group means (Klingenberg 2011).   
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Table 3.1. Age-at-death statistics for sample. 
Age range (years) Number of specimens 
>20 1 
20-29 4 
30-39 14 
40-49 57 
50-59 110 
60-69 112 
70-79 91 
80-89 56 
90-99 11 
 
 
Table 3.2.  Definitions of landmarks.  Note that 13-17, 23, and 24 are from Kranioti 
et al. (2009). 
Landmark Definition 
Anterior  
1 The most superior and medial projection of the trochlea 
2 The point of deepest incurvature on the superior aspect of the trochlea 
3 The point of greatest upcurvature on the superior lateral trochlea 
4 The most superior and lateral projection of the capitulum 
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Table 3.2.  Definitions of landmarks.  Note that 13-17, 23, and 24 are from Kranioti 
et al. (2009). 
5 The most inferior and medial projection of the trochlea 
6 The point of deepest incurvature on the inferior aspect of the trochlea 
7 The deepest point of incurvature where the trochlea and the capitulum meet 
8 The most inferior and lateral projection of the capitulum 
9 Midway between landmarks 1 and 5 
10 Midway between landmarks 4 and 8 
11 The maximum projection of the medial epicondyle 
12 The maximum projection of the lateral epicondyle 
Posterior  
13 The incision point between the medial epicondyle and the medial part of the 
trochlea 
14 The maximum curvature point projected in the distal surface of the medial 
trochlea 
15 The incision point in the distal surface of the trochlear groove. 
16 The maximum curvature point in the distal surface between the capitulum 
and the trochlea 
17 The incision point of the capitulum and the medial epicondyle 
18 The point of maximum curvature on the superior lateral corner of the 
trochlea 
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Table 3.2.  Definitions of landmarks.  Note that 13-17, 23, and 24 are from Kranioti 
et al. (2009). 
19 The point of maximum curvature on the superior medial corner of the 
trochlea 
20 The point midway between landmark 16 and landmark 18 
21 The point midway between landmark 18 and landmark 19 
22 The point midway between landmark 14 and landmark 19 
23 The most lateral point of projection of the lateral epicondyle 
24 The most medial projection of the medial epicondyle 
25 The most medial point of the olecranon fossa 
26 The most superior point of the olecranon fossa 
27 The most lateral point of the olecranon fossa 
28 The point of greatest depth of the olecranon fossa 
 
 
Figure 3.1.  Epicondylar breadth; measurement 41 (Buikstra and Ubelaker 1994). 
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Figure 3.2.  Olecranon fossa shape (Vance et al. 2011).  Left: the triangular shape is 
characteristic of a male.  Right: the oval shape is characteristic of a female. 
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Figure 3.3.  Angle of the medial epicondyle (Vance et al. 2011).  Top: the angle 
appears parallel to the table in males.  Bottom: the angle projects upward from the 
table in females. 
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Figure 3.4.  Trochlear extension (Vance et al. 2011).  Left: the trochlea is extending 
past the margin of the capitulum, as observed in males.  Right: the trochlea and 
margin of the capitulum are approximately symmetrical, as observed in females. 
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Figure 3.5.  Landmarks 1-12 on the anterior distal humerus. 
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Figure 3.6.  Landmarks 13-28 on the posterior distal humerus. 
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Figure 3.7. Set-up for digitizing with steel support stand and test tube clamp. 
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CHAPTER 4:  RESULTS 
Metric Results 
 
The means of the males and females were shown to be different at a statistically 
significant level (p<0.001).  Males, on average, had a larger epicondylar breadth than 
females (Table 4.1).  A Student’s t-test run in Excel showed that the differences between 
sexes were significant at the p<0.001 level.  An intra-class correlation coefficient test was 
run to test the intra-observer and inter-observer errors for the metric portion of this study.  
The intra-class coefficient for intra-observer error was 0.995 at a 95% confidence interval 
(p<0.001).  The intra-class coefficient for inter-observer error was 0.994 at a 95% 
confidence interval (p<0.001).  Both of the intra-class coefficients demonstrate an 
excellent strength of agreement between the sets of measurements.   
 
The results of the metric portion of this study show that 88.84% of the 448 
individuals used in the metric analysis were classified correctly (Table 4.1). If those 
individuals classified as “indeterminate” are removed, then the classification accuracy 
becomes 93.43%.  Females were correctly classified 89.91% of the time.  The 
classification accuracy increases to 94.69% when those females classified as 
“indeterminate” are removed.  Males were correctly classified 87.83% of the time.  The 
classification accuracy increases to 92.24% when those males classified as 
“indeterminate” are removed.   
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Non-Metric Results 
 
 The three non-metric traits were analyzed in combination and separately to 
assess their usefulness in sex estimation.  The author re-assessed 72 randomly selected 
humeri from the original sample in order to check the repeatability and reliability of the 
method.  When these humeri were re-scored, 11 were classified differently from the first 
analysis.  The intra-observer error rate is therefore 15.28%.  A kappa statistic was 
calculated to test the reliability of the method while taking into account the percent of 
agreement that may occur by chance.  The kappa value for the intra-observer test was 
0.670, which indicates a “substantial” strength of agreement (Komar and Buikstra 
2007:120-121; Landis and Koch 1977). 
 
An independent observer was selected to score 80 randomly selected humeri from 
the original sample in order to determine if the method can be applied in a consistent 
manner.  The observer’s scores only agreed with the author’s scores on 40 of the 80 
humeri, for an error rate of 50%.  A kappa statistic was calculated for the inter-observer 
test as well, and was 0.141, which indicates a “slight” strength of agreement (Komar and 
Buikstra 2007:120-121; Landis and Koch 1977). 
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Generally, males were classified accurately more often than females.  The 
percentage of humeri correctly classified using the total scores was 76.58%, with 340 out 
of 444 humeri correctly classified (Table 4.2).  If the 24 ambiguous scores are removed 
from the analysis, then the classification accuracy increases to 80.95%.  Based on total 
scores, females were classified accurately only 62.04% of the time, while males were 
classified accurately 90.35% of the time. 
 
 Overall, males were classified as ambiguous less often than females (Table 4.3).  
When analyzed in isolation, the angle of the medial epicondyle is the most accurate trait, 
with an overall classification accuracy of 72.97%.  If the 38 ambiguous scores are 
removed, then the classification accuracy increases to 79.80%.  The angle of the medial 
epicondyle is the only trait in which females were classified accurately more often than 
males (75.93% and 70.18%, respectively).  The olecranon fossa shape is the next most 
accurate trait, with an overall classification accuracy of 70.50%.  If the 35 ambiguous 
scores are removed, the classification accuracy increases to 76.53%.  Females were 
classified accurately 53.24% of the time, while males were classified accurately 86.84% 
of the time.  The least accurate trait is trochlear extension, with a classification accuracy 
of 67.12%.  If the 11 ambiguous scores are removed, the classification accuracy increases  
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Table 4.1. Summary statistics and epicondylar breadth sectioning point. 
Males Females  
N Mean S.D. N Mean S.D. Sectioning Point Average % Correct 
230 65.55 3.75 218 56.58 3.15 61.07 88.84 
 
Table 4.2. Classification rates of non-metric traits. 
Feature Male (n=216) Female (n=228) Total (n=444) 
Trochlear Extension 82% 52% 67% 
Olecranon Fossa Shape 87% 53% 70% 
Angle of the Medial Epicondyle 70% 76% 73% 
Combined Traits 90% 62% 77% 
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Table 4.3. Expression of each trait in males versus 
females. 
 Males Females 
 N (%) N (%) 
Trochlear Extension   
Asymmetrical 186 (82) 98 (45) 
Symmetrical 37 (16) 112 (52) 
Ambiguous 5 (2) 6 (3) 
Olecranon Fossa Shape   
Triangular 198 (87) 77 (36) 
Oval 19 (8) 115 (53) 
Ambiguous 11 (5) 24 (11) 
Angle of the Medial Epicondyle   
Flat/slightly raised 162 (71) 30 (14) 
Distinctly raised 52 (23) 162 (75) 
Ambiguous 14 (6) 24 (11) 
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to 67.31%.  Females were classified accurately 51.85% of the time, while males were 
classified accurately 81.58% of the time. 
 
 
Geometric Morphometric Results 
 The x, y, and z coordinates obtained by digitizing the humeri were analyzed in 
three different combinations: all 28 landmarks together, anterior landmarks only 
(landmarks 1-12), and posterior landmarks only (landmarks 13-28).  A principal 
components shape analysis and a discriminant function analysis were applied to each 
dataset.   
 
All landmarks 
 
Principal Components Shape Analysis 
 
The first seven principal components account for approximately half (51%) of the 
variance among the specimens (Figure 4.1).  The total variance is 0.0187.  A scatterplot is 
used to illustrate the shape differences of males and females based on the first two 
principal components (Figure 4.2).  Males and females are not clearly distinguished; the 
majority of the specimens are very tightly clustered at the (0.00, 0.00) position on the 
plot.  The wireframe allows for easier visualization of the shape variations among  
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landmarks on the first principal component (PC1) and second principal component (PC2) 
axes (Figure 4.3).  These illustrate the difference between the mean shape and the shape 
change.  While the landmarks show very little shape variation, some of the landmarks 
along sloped edges and on the lateral and medial epicondyles demonstrate more shape 
difference than the others.   
 
 
 
 
 
Figure 4.1. Amount of variance per principal component; all landmarks. 
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Figure 4.2. Distribution of males (light blue) and females (red) based on PC1 and 
PC2. Ellipses represent 95% confidence intervals. 
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Figure 4.3. Wireframe graphs representing the shape changes on the PC1 axis. The 
light blue lines represent the mean shape and the dark blue lines represent the 
shape change between males and females. Top: landmarks 1-10.  Bottom: 
landmarks 13-27. 
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Figure 4.4. Wireframe graphs representing the shape changes on the PC2 axis. The 
light blue lines represent the mean shape and the dark blue lines represent the 
shape change between males and females. Top: landmarks 1-10.  Bottom: 
landmarks 13-27.
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Discriminant function analysis 
 
 MorphoJ provides two tables when a discriminant function analysis is run: 
discriminant function analysis results and cross-validation results.  The first table creates 
a formula that can be used to classify whether a specimen falls into the male or female 
category (Table 4.4).  The second table is the result of a leave-one-out cross-validation 
test (Table 4.5). The leave-one-out cross validation test removes one specimen from the  
sample and then runs it through as if it were of an unknown sex.  It repeats this step with 
each of the specimens in the sample.  This provides an assessment of how accurate the 
results would be with specimens of unknown sex. The discriminant function analysis 
results for all 28 landmarks combined resulted in a 51% correct classification rate for 
females and 59% correct classification rate for males.  This matches the principal 
components analysis scatterplot in which all of the points were tightly clustered. Figure 
4.5 demonstrates the large amount of overlap present in the classification of males and 
females.  Males are represented by the positive numbers on the x-axis and females are 
represented by the negative numbers on the x-axis.  The graph shows that males have less 
overlap with females and are therefore correctly classified more often.  
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Table 4.4. Discriminant function analysis results for all landmarks (overall 
classification rate 86%). 
Sex Female Male Total Classification Rate (%) 
Female 68 14 82 83 
Male 11 83 94 88 
 
Table 4.5. Discriminant function analysis cross-validation results for all landmarks 
(overall classification rate 55%). 
Sex Female Male Total Classification Rate (%) 
Female 42 40 82 51 
Male 39 55 94 59 
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Figure 4.5. Discriminant function analysis cross-validation results; all landmarks. 
Negative values represent female and positive values represent males. 
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Anterior landmarks  
 
Principal components analysis 
 
The first five principal components account for approximately half (51%) of the variance 
among the specimens (Figure 4.6).  The total variance is 0.0128.  A scatterplot is used to 
illustrate the shape differences of males and females based on the first two principal 
components (Figure 4.7). Males and females are not clearly distinguished; the majority of 
the specimens are very tightly clustered at the (0.00, 0.00) position on the plot.  The 
points are clustered similarly to those on the scatterplot for all the landmarks combined; 
the scale on the graphs just differs.  The wireframe allows for easier visualization of the 
shape variations among landmarks on the PC1 axis (Figure 4.8).  These illustrate the 
difference between the mean shape and the shape change.  Landmarks 5 (the most 
inferior and medial point of the trochlea) and 8 (the most inferior and lateral point of the 
capitulum) demonstrate the most shape change on the PC1 axis.  Landmarks 5, 10 
(midway between landmarks 4 and 8), and 12 (the maximum projection of the lateral 
epicondyle) demonstrate the most shape change on the PC2 axis. The other landmarks 
have very little change in shape. 
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Figure 4.6. Amount of variance per principal component; anterior landmarks. 
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Figure 4.7. Distribution of males (light blue) and females (red) based on PC1 and 
PC2; anterior landmarks. Ellipses represent 95% confidence intervals. 
 
 
 
 
 
 
 
 
 
 
74 
 
 
Figure 4.8. Wireframe graphs representing the shape changes on the PC1 and PC2 
axes for the anterior landmarks. The light blue lines represent the mean shape and 
the dark blue lines represent the shape change between males and females. 
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Discriminant function analysis 
 
 The discriminant function analysis results for the anterior landmarks resulted in a 
54% correct classification rate for females and 70% correct classification rate for males 
(Table 4.6 and 4.7).  Figure 4.9 demonstrates the large amount of overlap present in the 
classification of males and females, but also shows that out of the two groups, the males 
have less overlap with females.  These numbers are similar to the results for the trochlear 
extension trait in the non-metric analysis:  82% classification rate for males and 52% for 
females.  The anterior portion, specifically landmarks 5 and 8, is tied to trochlear 
extension based on the involvement of the furthest points of the trochlea and the 
capitulum. 
 
Posterior landmarks  
 
Principal components analysis 
 
The first five principal components account for approximately half (51%) of the variance 
among the specimens (Figure 4.10).  The total variance is 0.0123.  A scatterplot is used to 
illustrate the shape differences of males and females based on the first two principal 
components (Figure 4.11). While males and females are still clustered, this scatterplot is 
marginally less clustered than the ones for all the landmarks and the anterior points. The  
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Table 4.6. Discriminant function analysis results for anterior landmarks (overall 
classification rate 73%). 
Sex Female Male Total Classification Rate (%) 
Female 65 32 97 67 
Male 20 79 99 80 
 
 
Table 4.7. Discriminant function analysis cross-validation results for anterior 
landmarks (overall classification rate 62%). 
 
Sex Female Male Total Classification Rate (%) 
Female 52 45 97 54 
Male 30 69 99 70 
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Figure 4.9. Discriminant function analysis cross-validation results; anterior 
landmarks. Negative values represent females and positive values represent males. 
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Figure 4.10. Amount of variance per principal component; posterior landmarks. 
 
 
Figure 4.11. Distribution of males (light blue) and females (red) based on PC1 and 
PC2; posterior landmarks. Ellipses represent 95% confidence intervals. 
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wireframe allows for easier visualization of the shape variations among landmarks on the 
PC1 and PC2 axes (Figure 4.12).  These illustrate the difference between the mean shape 
and the shape change.  The landmarks demonstrate very little shape change on the PC1 
axis, but on the PC2 axis landmarks 4, 10, 11, 12, 14, and 15 demonstrate shape change. 
 
Discriminant function analysis 
 
 The discriminant function analysis results for the posterior landmarks resulted in a 
59% correct classification rate for females and 67% correct classification rate for males 
(Tables 4.8 and 4.9). While a large amount of overlap is still present between males and 
females, less overlap is present in this classification than in the other two (Figure 4.13).  
The posterior points correspond to the non-metric traits used in this study.  While the 
male classification rate in this section of the study is much lower than that in the non-
metric portion of the study, the female classification rates are comparable. 
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Figure 4.12. Wireframe graphs representing the shape changes on the PC1 and PC2 
axes for the posterior landmarks. The light blue lines represent the mean shape and 
the dark blue lines represent the shape change between males and females.  
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Table 4.8. Discriminant function analysis results for posterior landmarks (overall 
classification rate 76%). 
Sex Female Male Total Classification Rate (%) 
Female 67 23 90 74 
Male 24 78 102 76 
 
 
Table 4.9. Discriminant function analysis cross-validation results for posterior 
landmarks (overall classification rate 63%). 
 
Sex Female Male Total Classification Rate (%) 
Female 53 37 90 59 
Male 34 68 102 67 
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Figure 4.13. Discriminant function analysis cross-validation results; posterior 
landmarks. Negative values represent females and positive values represent males. 
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CHAPTER 5:  DISCUSSION 
Metric Assessment 
 
 The metric results observed in this study corresponded with the results found in 
Albanese et al. (2005), Frutos (2005), Mall et al. (2001), Sakaue (2004), Steyn and Iscan 
(1999), and Tise et al. (2012).  All of these studies demonstrated high classification 
accuracies for both males and females when using the measurement of the epicondylar 
breadth of the humerus.  The overall classification rate of 88.48% generated in this study 
is well over the 80% rule for general acceptance of the reliability of a method.  Males had 
a larger epicondylar breadth than females at a statistically significant level, rejecting the 
null hypothesis.  Low inter-observer and intra-observer rates occurred, also resulting in 
the rejection of the null hypothesis in reference to the metric results.  This shows that not 
only is the epicondylar breadth a reliable and effective method of sex estimation, it is 
easily repeatable by other observers. 
 
 A major benefit of this approach is that it is easy to understand, quick to execute, 
and all that is needed is an osteometric board.  This means that it can be performed in 
most laboratory and field environments, even when high-tech equipment or large budgets 
are not part of a project.  A drawback to this approach is that it is population-specific.  
This means that the same sectioning point cannot be used for different populations 
because size differences may exist between populations.  However, the method to obtain 
the data and create a sectioning point is a simple process and can be used in any 
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population.  The studies listed previously used the epicondylar breadth for sex estimation 
of different populations including Europeans, Guatemalans, Hispanics, Japanese, and 
South Africans (Albanese et al. 2005; Frutos 2005; Mall et al. 2001; Sakaue 2004; Steyn 
and Iscan 1999; Tise et al. 2012).   
 
Nonmetric Assessment 
 
 The results of the nonmetric portion of this study were comparable to studies done 
by Falys et al. (2005), Rogers (2006), Rogers (2009), and Vance et al. (2011).  However, 
the results from this study were much lower than those of Rogers (1999).  The original 
study using this method obtained a very high overall classification rate of 92.5%.  The 
sample was only 128 individuals, 93 of which came from the Bass Collection at UTK.  
Subsequent studies obtained much lower classification rates.  These lower rates were 
more in agreement with this study than the classification rate of the original study.  Falys 
(2005) and Rogers (2006) used the method on European archaeological samples and 
obtained classification rates hovering right around 80%.  Rogers (2009) also obtained a 
classification rate around 80% on a European archaeological population, but the 
individuals in this study were all adolescents.  Vance et al. (2011) used a modern South 
African sample and had a very large sample size (n=608).  Their classification rate was 
the most comparable to the one found in this study.  Vance et al. (2011) obtained an 
overall rate of 75.5%, while this study obtained an overall rate of 76.58%.  This suggests 
that the first study using this method may have been affected by the experience of the 
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observer due to the time spent creating the method.  Subsequent results give a more 
accurate portrayal of expected results using this method. 
  
 The null hypothesis is rejected because the results indicate that morphological 
differences do exist on the distal humerus between males and females.  The alternate 
hypothesis is rejected as well because while the method is useful for sex estimation and 
the inter-observer error rate was high, the intra-observer error rate was low.  The high 
inter-observer error rate highlights some of the problems with this method.  The method 
is still new, and thus modifications are still necessary.  For example, Vance et al. (2011) 
removed one of the original four traits from Rogers’ (1999) method because it was found 
to be prone to high error and not very useful.  While the traits themselves are very 
straightforward, there is a learning curve with differentiating some of the subtleties 
associated with the scoring system.  An observer who has only seen a few humeri may 
have a harder time determining the difference between a slight angle of the medial 
epicondyle and a more pronounced angle than someone who has looked at several 
hundred humeri.  Therefore, it is possible the inter-observer error rate in this study may 
have been improved if the size of the inter-observer sample was larger, allowing for more 
experience.  At the same time, this also shows that this may not be the best method for an 
inexperienced anthropologist to use for sex estimation.  Vance et al. (2011) began 
working towards alleviating some of these issues by creating line drawings of the traits 
that are very helpful, as well as expanding the scoring system to a five-point system.   
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 In the majority of studies, the olecranon fossa shape and depth was found to be 
the most accurately classified trait (Falys et al. 2005; Rogers 1999; Rogers 2006).  
However, the results of this study and Vance et al. (2011) showed that the angle of the 
medial epicondyle was the most accurately classified trait, with the olecranon fossa shape 
and depth falling to second best.  Overall, the trochlear extension trait appears to be the 
least accurate trait.  Therefore, if the trochlea and/or capitulum happen to be damaged on 
a specimen, it would still be possible to estimate sex using the other two traits. 
 
 Another problem with this method is having “ambiguous” as a scoring option. 
The specimens scored as “ambiguous” can skew the results, and the classification rates 
improve greatly with the removal of these specimens from the sample.  Another reason 
the inter-observer error rate was high may be due to an over-reliance on the ambiguous 
score.  When one is not as familiar with a method, it may seem easy to classify a 
specimen as ambiguous simply due to a lack of experience.  While it cannot be removed 
from the method, proper training might help alleviate some of the issues with its usage.  
This is yet another point in favor of the metric assessment because while some specimens 
may fall on the sectioning point and be classified as ambiguous, metric methods result in 
far less ambiguous scores that can affect the results. 
  
 Overall, the nonmetric method, while not as accurate and reliable as the metric 
method, is a useful method of sex estimation.  The classification rate falls just under the 
general acceptance rate, but if other elements of the skeleton are unavailable, this method 
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can be a useful tool for estimating sex.  It can also be done without any materials, as long 
as the observer is familiar with the traits.  While this should not be the first choice for a 
sex estimation method, using a variety of methods when assessing biological profile can 
be the best practice. 
 
Geometric Morphometric Assessment 
 
 The geometric morphometric results were not as good as the metric and nonmetric 
results.  While the classification accuracies from the basic discriminant function analysis 
were respectable, near 80%, once the leave-one-out cross validation was run, the 
accuracies dropped significantly.  When all the landmarks were used, the cross-validated 
classification accuracy for females was 51% and for males it was 59%.  When only the 
anterior landmarks were used, the classification accuracy for females was 54% and for 
males it was 70%.  When only the posterior landmarks were used, the classification 
accuracy for females was 59% and it was 67% for males.  Overall, the males classified 
more accurately than the females.  While the classification accuracies were not high, a 
difference in morphology between males and females was demonstrated, which means 
the null hypothesis is rejected and the alternate hypothesis cannot be rejected.   
 
 The fact that the metric and nonmetric methods worked better than the geometric 
morphometric method was expected.  However, the classification accuracies of the 
geometric morphometric method were still lower than expected.  This is potentially due 
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to a combination of new methodology and observer inexperience.  A large number of the 
landmarks used have not been tested previously.  They may not be as sexually dimorphic 
as other landmarks, and the landmarks should be further analyzed to determine which 
ones represent the bulk of the sexual dimorphism of the distal humerus.  The observer is 
not an expert on geometric morphometric techniques, and this may have translated to a 
lower classification accuracy than if someone with much more experience had attempted 
this study. 
  
 The point of the geometric approach in this study was not to demonstrate how 
well it works, but simply that it has the potential to work well in the future.  This 
preliminary study shows just that.  Differences do exist in humeral morphology between 
sexes, and with further modification and work, this could be a feasible method for sex 
estimation that could transcend population-specificity.  Kranioti et al. (2009) performed a 
preliminary study using humeral radiographs in a Cretan population and found shape 
differences between sexes.  Geometric morphometrics is still a relatively new approach in 
anthropology, and even studies with good results end with saying that more research is 
necessary (Pretorius et al. 2006). 
 
 
 While the numerical results of this part of the study are much lower than other 
studies, the fact that differences in morphology between sexes exists corresponds to the 
results in other studies (Bilfeld et al. 2013; Bytheway and Ross 2010; Franklin et al. 
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2007; Kimmerle et al. 2008; Kranioti et al. 2009; Veleminska et al. 2013).  Franklin et al. 
(2007) and Kimmerle et al. (2008) found shape differences between sexes in the crania, 
while Bilfeld et al. (2013), Bytheway and Ross (2010), and Veleminska et al. (2013) 
found shape differences between sexes in the os coxa.  Overall, these studies had 
excellent classification accuracies, many of which were well above 90%.  They also 
demonstrated the potential to transcend population-specificity because different 
populations were used, including Americans and South Africans (Franklin et al. 2007; 
Kimmerle et al. 2008).  Kimmerle et al. (2008) also discovered that there was a 
consistency of results (shape-wise) among Americans, suggesting that many population 
differences in sexual dimorphism are due more to size variation than variation in 
morphology.   
 
 The high classification accuracies achieved by these other studies may also be due 
to the fact that they used the pelvis and the cranium.  The pelvis has long been known to 
be morphologically different between sexes, and has been a tried and true method for 
many years.  The cranium, while not as good for sex estimation as postcranial elements 
(Spradley and Jantz 2011), has familiar and well-defined landmarks which can easily be 
used by observers of many skill levels.  The landmarks used are familiar to anyone who 
has experience with standard craniometrics, making them easier to understand and 
replicate with precision and accuracy.  The humerus has less familiar and less well-
defined landmarks, which may contribute to the lower classification accuracies obtained 
in this study. 
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 The geometric morphometric approach has great potential because it may prove to 
alleviate the problems associated with population-specifics.  However, it requires 
expensive equipment, training, experience, and time.  It should be subject to further 
research, but if in a time crunch, it is the least useful method of the three discussed in this 
study.  
 
 Overall, the metric approach appears to be the most efficient and accurate of the 
three discussed in this study.  The null hypothesis is rejected because there are 
differences in classification accuracies among the three methods. The alternate 
hypothesis is not rejected because the metric approach had the highest classification rates 
and lowest inter-observer and intra-observer error rates.  The differences between the 
methods are most likely due to overall subjectivity and experience.  The metric method is 
the least subjective and the most straight-forward.  The nonmetric method and the 
geometric morphometric method are more subjective and require the observer to have 
experience with the methods.   
 
 
 
91 
CHAPTER 6:  CONCLUSION 
Sex estimation is one of the most important parts of a forensic anthropologist’s 
assessment of a skeleton.  Due to population-specificity and normal human variation, it is 
important to have a variety of methods that can be used in such an assessment.  While the 
distal humerus may not be the first choice of skeletal element to be used in an assessment 
of sex, it should be analyzed if it is present.  It can provide valuable support to other 
methods.  The type of method used to assess the distal humerus is based on observer 
preference and available resources.  Based on this study, the epicondylar breadth is the 
most accurate method to assess sex of the distal humerus, but the nonmetric method does 
not require any measurement tools and therefore may be preferred when in the field.  The 
geometric morphometric approach requires expensive equipment, experience, and is 
time-consuming.  It is a method best used in the lab, and requires more research. 
 
 Forensic anthropologists are being called to testify in court more often now than 
ever before, and this is another reason why it is important to use a variety of methods 
when assessing the biological profile.  The integrity of both the anthropologist and the 
methods being used may be called into question, but the more methods used to back up 
the results, the harder it is to refute them.  Therefore, it should be best practice to use as 
many methods as are feasible when examining a skeleton to obtain the most well-rounded 
biological profile as possible.  However, that does not mean that untested or unreliable 
methods should be used just to flesh out the profile.  But if a complete skeleton is present, 
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several elements should be assessed, as well as using both metric and nonmetric methods.  
The same holds true for age estimation methods. 
 
 The limitations of this study should also be kept in mind.  While the sample size 
is quite large, the demographic profile of the sample is limited.  The vast majority of the 
sample is made up of American Whites and Blacks, many coming from similar 
geographic regions.  As has been emphasized throughout this study, metric methods are 
subject to population-specificity.  The results of the nonmetric analysis did correspond 
well to those studies performed on South African and various European populations, but 
published research is not yet available for other populations, such as Japanese or Chinese 
(Falys et al. 2005; Rogers 1999; Rogers 2006; Rogers 2009; Vance et al. 2011).  Rogers 
(2009) examined the method using individuals of an adolescent age, but the sample size 
was small.  Age ranges of the samples may be another limiting factor in these studies.  It 
is possible that the traits may change or vary more in individuals of very young or very 
old ages.  Testing this method on different populations may help solve these limitations.  
Validation studies are an integral part of the field and are just as important to the 
literature as brand-new methods. 
 
 One of the major problems with this study is the high inter-observer error rate 
found with the nonmetric assessment.  The most likely explanation is unfamiliarity and 
inexperience with the method.  A small sample was used in this assessment which may 
have not been enough time for the learning curve associated with the method.  This 
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suggests that the nonmetric method of sex estimation using the distal humerus is not the 
best one for inexperienced observers.  This also highlights the importance of becoming 
familiar with the nuances of the human skeleton by simply examining hundreds to 
thousands of them to learn what normal variation is, and how traits manifest differently in 
a normal range. 
 
 Another problem is the learning curve associated with the geometric 
morphometric approach.  Geometric morphometrics is a time-consuming process, but it 
becomes even more so when the landmarks are unfamiliar.  This study was a preliminary 
assessment of the feasibility of using geometric morphometrics to estimate sex using the 
distal humerus, so many of the landmarks used were created for this study.  A new 
observer would therefore be less familiar with them, and it may take some time to 
understand the definitions of them.  This can be solved by further research, as well as 
working to better define the landmarks and perhaps create visual representations. 
 
While the geometric morphometric approach to estimating sex using the distal 
humerus was not as successful as hoped, it still adds valuable data to the field and shows 
that it has the potential to be very useful in the future.  Perhaps with time, geometric 
morphometrics will become less expensive and more time-efficient, as many types of 
technology are apt to do with time.  Until then, it is important to recognize the 
potentiality of the approach, to educate new anthropologists on the topic, and to train 
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them in the approach.  The field is still new, and methods require extensive validation 
and testing to become commonly used and accepted. 
 
Geometric morphometric approaches using the distal humerus may have great 
potential in fragmentary contexts.  For example, if the landmarks which are the most 
sexually dimorphic can be identified or ranked, then they may be used to help estimate 
sex of humeral fragments.  If only a portion of the trochlea or capitulum is recovered, 
metric and nonmetric methods would not be feasible, but perhaps the geometric 
morphometric method could be applied with the existing landmarks and an estimate of 
sex could be generated.  While it may not be as accurate as a metric estimate, some 
information is always better than none. 
 
 Further research is always necessary due to secular change and population-
specificity.  However, even with the limitations discussed about this study, it still 
demonstrates the overall usefulness of the distal humerus as a tool for sex estimation.  
Those in the field should always be open to new ideas and new methods, but should not 
forget to continually validate those methods that already exist.  The field prides itself on 
peer-review and having a scientific basis, and this can best be maintained by always 
following best practice. 
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APPENDIX A:  COLLECTED DATA 
 
Table A.1.  Demographic information of sample: sex, age-at-death, and ancestry. 
Sex Number of specimens 
Male 230 
Female 218 
Age range (years) Number of specimens 
>20 1 
20-29 4 
30-39 14 
40-49 57 
50-59 110 
60-69 112 
70-79 91 
80-89 56 
90-99 11 
Ancestry Number of specimens 
American Indian 1 
White 433 
Black 9 
White/American Indian 2 
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Table A.1.  Demographic information of sample: sex, age-at-death, and ancestry. 
Hispanic 1 
EA 1 
Unlisted 1 
 
 
Figure A.1.  Asymmetrical trochlear extension; male trait.  Specimen UT13-04D 
from Bass Collection; male. 
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Figure A.2.  Asymmetrical trochlear extension and triangular olecranon fossa; male 
traits.  Specimen UT60-06D from Bass Collection; male. 
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Figure A.3.  Flat angle of the medial epicondyle; male trait.  Specimen UT02-02D 
from Bass Collection; male.  Scale is in cm. 
 
 
Figure A.4.  Triangular olecranon fossa; male trait.  Specimen UT48-01D from Bass 
Collection; male.   
99 
 
Figure A.5.  Distinctly raised angle of the medial epicondyle (top) and more 
symmetrical trochlear extension (bottom); female traits.  Specimen UT15-01D from 
Bass Collection; female.  Note that even with damage on edges of bone, 
morphological assessment can still be made. 
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Figure A.6.  Oval olecranon fossa; female trait.  Specimen UT80-05D from Bass 
Collection; female. 
 
 
Figure A.7.  Distinctly raised angle of the medial epicondyle; female trait.  Specimen 
UT 55-06D from Bass Collection; female. 
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